Low voltage networks are poised to see huge transformations in the next decades. The aim for a carbon neutral economy asks for high level penetration of renewables, where PV production in LV networks is part of the general solution. The RES high penetration becomes however a threat for grid operation, through challenges such as keeping voltage level in the accepted band, avoiding grid congestion and reverse power flow or ensuring low level of energy losses. The paper analyses specific scenarios and suggests measures to address these limitations, by comparing business as usual operation with more advanced microgrid operation and the use of grid-side storage.
INTRODUCTION
Low voltage networks are poised to see huge transformations in the next decades. The price drop and new technologies of PV panels makes now possible to produce more and more energy locally, fed directly in the LV network, which becomes not only an active distribution network, but can be operated also as a microgrid (MG) to support local resilience, off-line operation and higher efficiency energy transfer within the MG contour. However, it is well known that in a "business as usual" (BaU) paradigm, excessive PV production also puts high challenges to the grid operator, in terms of keeping voltage level in the accepted band (UN ± 10% for low voltage), avoiding grid congestion on lines and on the MV/LV transformer, avoiding reverse power flow in the transformer and keeping acceptable level of losses in the LV grid.
Various studies [1] [2] [3] [4] [5] [6] [7] [8] [9] and regulatory initiatives address these challenges, with however still low impact on the microgrid design and operation as part of the DSOs management.
New grid storage services, as well as the so called "storage behind the meter" are considered solutions to mitigate these issues. In [11] and [12] are analyzed the benefits of having prosumers with no active power injection back to the main grid, enabled by appropriate design of the PV production and of local battery storage. Such solution allows that the main grid is operated in a BaU paradigm, while prosumers with high self-consumption have also an enhanced resilience and energy efficiency.
Microgrid as a complex entity, might be seen as a vehicle for a high penetration of the renewables, and therefore able to address climate change. The new average target of 32% renewable energy by 2030 [12] , in a mix of electricity, heating/cooling and mobility, may ask for a higher rate on clean electricity only, somewhere between 50 and 60%.
We are considering in this paper that at least 30% of RESbased electricity shall be provided locally, i.e. being associated with low power RES based generation, suitable for injecting the electricity in LV [micro-]grids[ the remaining share of renewables can be provided from bulk RES-based production at higher voltage levels (connected at MV and HV networks).
Recently issued regulatory initiatives (like, for example, [13] in Romania) will encourage more domestic users to install PV panels on their home's rooftops changing their contractual relation with the DSO. The DSO must prepare itself for changes in the power flow in LV network an subsequently to changes in planning and operation.
RES penetration in LV networks is also very important regarding Total Losses evolution. For example, one needs to estimate the amount of DG production that does not increase the technical losses in LV network. On the other hand, with prosumers having very low or no energy exchanges with the network (implying that they have storage on the premise), the meter accuracy will be very important when commercial losses are taken into account.
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II. TEST CASE. THE ANALYSED GRID
In order to assess the challenges and the feasibility for a RES share of more than 30%, we used a test grid named UPB-TEST01A-LV, which has been chosen to put in value the scope and to have in certain periods and configurations certain grid limits violations which need to be addressed. Fig. 1 presents the considered test grid, which includes the microgrid MG.1-LV, which is the focus of our study. This microgrid is supplied from medium voltage through the transformer T1. An additional LV microgrids supplied by transformer T2 is represented in a simplified way, and is basis for a more future-oriented topology change option, as it is possible a "horizontal connection" between MG.1 and MG.2 through the LV line N103-N10, normally open, as its breaker K2 is also open. The line N103-N10 acts like a tie-line between the MGs, which may be a possible type of connection intelligent microgrids of the future.
Moreover, the classic radial topology of the LV networks is challenged as well through an operational loop connection between two branches, allowed by the additional loop line N14-N16, which is in normal state disconnected, as having the breaker K1 open.
The main MG.1 microgrid is supplied from three gridconnected PV generators (nodes N9, N10 and N14), which are supposed to be part of community energy efforts, to be shared eventually by all local grid users. A storage resource connected to node N10 may be used for the purpose of improving MG operation.
The main characteristics of loads, generators and storage means of the MG are presented in Table 1 . The figures show nominal powers, however during a day these are multiplied by time-interval based profiles factors (potentially different values for each hour) which are in the range [0,1], making the full day profile to take values between 0 and PN or QN. 
To be noted that, while the MV node N1 acts as slack node for the power flows, the node N3 on the LV part of the transformer T1 is also acting as a node of stability, which brings also the so-called grid forming functionality to the microgrid.
In order to assess the MG.1 functionality, six different scenarios have been chosen: The six scenarios are tested on a whole day basis, using hourly profiles for consumption, PV production and storage energy exchange with the grid. Essential aspects are considered for the grid operation, such as voltage level in critical nodes, power exchange in the MV/LV transformer, total microgrid losses and RES share in the energy mix.
III. SIMULATIONS AND RESULTS
For assessing the grid operation in all 6 scenarios, it has been used an OpenDSS load-flow application.
OpenDSS is an open-source tool developed by EPRI [14] [15] [16] which is already widely used by American utilities and in different IEEE studies [17] [18] [19] . In addition, a graphical user interface (GUI) with enhanced functionalities, named GridMonK (Grid Monitoring and control Knowledge), has been used to handle more complex operations and reporting, by using in background the OpenDSS engine. GridMonK is also an opensource application which can be found at [20] . GridMonK is able to show grid objects, with describing parameters and with results after invoking the OpenDSS engine, while operational changes can be done online, such as opening or closing breakers, which change accordingly the topology for the loadflow calculation. Moreover, an evolving set of additional calculations can be made in the load-flow results, in order to provide full data reporting in csv files, for further analysis with external tools such as Excel.
The daily (24 hours) simulation is made in all six scenarios, by using similar profiles for all loads, but with different nominal values according to Table 1 . The presentation of the simulations and the assessment of the results is divided in categories: impact on voltage level, power flow on transformers, grid losses and RES share.
A. Voltage level in critical nodes
The critical nodes are those which are distant from the T1 acting as a supply point, where also bulk PV production of 200 kW (node N9) and 90 KW (node N10) are present. We have chosen for our analysis the node N16, which is a consumption point in that distant region. Fig. 2 shows the voltage evolution over 24 hours in node N16 in each of the scenarios 1 to 4, as node N16 has been found the most critical in the studied network.
It can be observed that the scenarios with higher connectivity (more meshed network -meaning Scenario 2 with LV loop and Scenario 4, with LV loop plus intermicrogrid connection) bring a better voltage evolution. The two scenarios with lower connectivity (Scenario 1 with BaU radial distribution and scenario 3 with added microgrid interchange) are both violating voltage limits UN ± 10% and need additional measures (tap position change on T1, reactive power control etc.). The worst case is Scenario 1-BaU, which explains why grid operators are so much afraid of massive RES penetration in their distribution grid, when using classic operation approach. In Fig. 3 is presented the voltage level variation in scenarios 1 and 2, compared with the same situations when a storage device of 100 kW is acting in node N9. Fig. 3 . Voltage levels in the critical node N16, comapring scenarios 1 and 2 with 1.Bat and 2.Bat, where grid battery is also used One can see that the presence of a 100 kW storage device (battery energy storage system -BESS) is highly improving the operation of the microgrid without any additional connection with another MG. A straightforward simple solution is solving "like a miracle" the headaches of grid operators, if appropriate schedule is applied for the BESS. Fig.  4 shows the BESS schedule superposed with the previous voltage variation in the most difficult Scenario 1 (BaU), suggesting that a simple algorithm of charging during excess RES production (with high voltage) and discharging during excess consumption (with low voltage) has a very good impact to meet grid voltage constrains.
It can be seen that the presence of BESS has a positive impact on the voltage level. To be noticed that the charging and discharging energies should be equal (simplified approach, without considering battery losses -as used in our simulations), while a more refined approach should consider the losses as well. 
B. Power flow on MV/LV transformer and on LV intermicrogrid line
Another drawback of high RES penetration is the power flow which acts bidirectionally, including a reverse power on the MV/LV transformer. Fig. 5 shows the transformer power flow in scenarios 1 to 4. It can be seen that only in Scenario 3 there is, at the limit, no reverse power on the transformer, which is due to the fact that some PV power is evacuated in MG.2. All scenarios show high power variation, from nearly the nominal T1 power (SN = 630 kVA) to zero or reverse power, which show all a different way of grid operation comparing with the situation without RES penetration. Fig. 6 shows that activation of BESS in scenarios 1.Bat and 2.Bat bring important changes in the transformer power evolution, by avoiding completely the reverse power and also is reducing the peak power during the evening.
In the latest Figure one can see that the power evolution between around -50 to +550 kW (600 kW excursion band) is reduced in case of BESS usage to a band between +50 to +450 kW, meaning 400 excursion band, a 33% reduction compared with no BESS situation. This transformer load profile is much more stable and predictable, and asks for less ancillary services at transmission level, in order to mitigate grid balancing, with impact as well on balancing services cost. 
C. RES share
One main reason for the high dynamics in the transformer load profile is the variability of RES production, which brings different RES share over the day. Fig. 7 shows the daily evolution of the RES share for our studied scenarios. The RES share evolution is superposed by the microgrid losses evolution during the day, in order to assess the link between them. It can be easily seen the highest losses occur during the excessive PV production during the daytime. To be noted that on a whole day basis, the RES share average is 32% of the MG.1 consumption, which fits the chosen conditions (at least 30% of power system needed RES to be produced in LV networks).
D. Grid losses
While in the previous sub-chapter it has been already presented a coupling between losses and RES share, we made a comprehensive assessment on the losses evolution for all scenarios. Fig. 8 shows the losses evolution over the day for all scenarios without BESS (scenario 1 to 4), while Fig. 9 shows the impact of the BESS in scenario 1 and 2 when BESS is used: Scenarios 1.Bat and 2.Bat. Fig. 9 shows high effectiveness in reducing the MG losses when using BESS with an appropriate schedule for charging and discharging.
One can see the relatively odd situation that lowest losses are between hours 9 and 11 and then in the afternoon between hours 16 and 18. This situation shows how counterintuitive become the grid parameters evolution in a network initially designed for one-way power flow, which is evolving towards a grid with local production which may exceed the local consumption in some day periods. In order to better understand this situation, additional assessment has been performed. Figure 10 shows the evolution of total consumption, total production, their difference and total losses for Scenario 1. The green line of Figure 10 is practically one shape of the famous duck-chart of CAISO 0, where the evening ramp of power from the main grid is very high, while load flows have important changes of direction, which bring also unexpected changes in the total power losses comparing with the traditional experience. We can see that the periods of lowest losses occur in the morning and evening at around the same value of the duck chart green line evolution.
This behavior can be explained by analyzing the lines power flow evolution. Figure 11 shows the evolution of power flow over selected lines of the microgrid and reveals that the low losses occur in the period when some of the lines change the sign of the power, thus having for a certain period a very small power circulation, as it can be seen for lines N5-N6, N6-N9 and N9-N10. Fig. 11 . Scenario 1 -Evolution of active power on selected lines of the microgrid This situation suggests that storage acting as consumption and production at the right moments of the day may bring low power flow on longer time periods, thus even lower losses over the whole day.
IV. CONCLUSIONS
The paper is analyzing microgrid behavior in a high RES penetration paradigm (more than 30% electricity RES-based generation occurs locally in the LV network over a day, around 100% consumption coverage during peak PV production), by using a specific microgrid topology and appropriate scenarios. Different topology measures based on looped LV networks and horizontal power exchange between the LV networks supplied by different transformers and presence of grid-side BESS are analyzed in terms of voltage level, MV/LV transformer power flow and grid losses. The assessment shows that new solutions in operating the LV microgrids and in using latest storage technologies are possible enablers for high RES penetration in LV networks, without the drawbacks of business as usual approach in the distribution network operation. Moreover, grid losses are lower in specific hours and over the whole day, as power flow becomes very low on some of the microgrid lines. Future work will consider batteries in a more realistic model, considering their losses and possible depreciation, while more dispersed grid-side storage will be also investigated.
